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The structural, morphological and optical properties of vacuum-evaporated CdSe thin films were investi-
gated as a function of the substrate temperature and the post-deposition annealing conditions. It was ob-
served that the grain sizes and morphologies of as-deposited layers were similar for substrate temperatures
of 100 and 200 K. However, CdSe films produced at a substrate temperature of 300 K had substantially
different surface morphology. Annealing at 473—673 K in air did not cause any appreciable grain growth
in any of the films irrespective of their growth temperature. However, annealing at 673 K initiated inter-
grain coalescence and altered surface morphology by reducing faceting. X-ray diffraction studies showed
that the crystallinity of the CdSe films was improved upon annealing. The optical band gap energy values
were obtained and two direct transitions were observed. This may be attributed to spin orbit splitting of
the valence band. Resistivity measurements indicated that annealing at 673 K in air forms a highly resis-
tive compensated CdSe film. The results showed that although the substrate temperature during growth
plays the major role in determining the properties of deposited films, post-deposition annealing at tem-
peratures of at least 673 K may lead to further changes in these properties.
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1 Introduction

Cadmium selenide is a [I-VI compound semiconductor with a band gap that has a good match with the
solar spectrum. Electronic devices such as solar cells, thin-film transistors and detectors have been fabri-
cated on thin films of CdSe [1-3]. The distribution of grain size and other structural and morphological
properties of the films strongly affect the performance and reliability of active devices fabricated on such
layers. Microstructural, electrical and optical characteristics of thin films are generally influenced by the
nature of the substrate, growth conditions and post-deposition processing steps, if any. Grain growth may
occur during film formation and/or during a subsequent heat-treatment step. The crystalline texture may
also change during heat treatments in such a way as to minimize surface and interface energies. Some of
the commonly used low-cost growth techniques for CdSe thin-film formation include close-spaced sub-
limation [4], electrodeposition [5], vacuum evaporation [6] and chemical bath deposition [7].

CdSe thin films deposited at relatively low substrate temperatures have attracted much interest in
recent years [8—11]. It is known that the grain boundaries in polycrystalline CdSe thin films have a direct
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influence on the electrical properties of devices. It is also known that the grain boundary barrier height
can be changed by modifying either the grain size or the trap level density by diffusing appropriate impu-
rities along the grain boundaries.

In the work reported here, CdSe thin films were first grown on glass substrates kept at or below room
temperature and then annealed at elevated temperatures. Effects of the growth and post-deposition anneal
temperatures on the film properties such as grain size, texture, resistivity and optical band gap were stud-
ied to see which of these process conditions were more effective determining the film properties and to
establish a correlation between the process parameters and the film properties.

2 Experimental

CdSe thin films were deposited by vacuum evaporation at a vacuum level of 3 x 10~ Pa on soda-lime
glass substrates at controlled temperature [12]. The vacuum apparatus consisted of a quartz-lined graph-
ite chamber and included a heated source bottle, a quartz filter over the source bottle to act as a diffuser
and a substrate holder placed 8 cm above the quartz filter. Substrates were clamp-mounted onto the
holder face down and they had a direct view of the quartz filter. Source and substrate holder temperatures
were monitored and controlled separately using thermocouples. The substrate thermocouple was placed
at the holder/substrate interface. The substrate holder was cooled using liquid nitrogen while a secondary
heater was used to adjust its temperature in the range 100—300 K. The evaporation rate of the source
material was controlled by the source temperature.

The films were grown at substrate temperatures of 100, 200 and 300 K using CdSe powder as the
source material. The growth rate was controlled by the source temperature and was about 1.5 nm/s. The
final thickness of the films was nominally 2000 nm. After deposition, the layers were annealed at 200,
300 and 400 °C for 30 min in an air oven. X-ray diffraction (XRD) data were collected using a Rigaku
D/Max-1IIC diffractometer with Cu K, radiation over the range 26 = 3—70° at room temperature. Mor-
phological information was obtained using a scanning electron microscopy (SEM)/focused ion beam in-
strument manufactured by FEI. The absorption spectra of the films were recorded using a Perkin—Elmer
Lambda 2SUV/Vis spectrometer in the wavelength range 190—1100 nm using non-polarized light. Re-
sistivity values were determined by the standard four-point method at room temperature.

3 Results and discussion

Figure la—c show the XRD spectra of CdSe films deposited on glass sheets at substrate temperatures of
100, 200 and 300 K, respectively. As can be seen, the textures of all the films are hexagonal with a
strong (002) preferred orientation. The peak positions are at 26 = 25.86°, 25.72° and 25.66° correspond-
ing to lattice parameters, ¢, of 0.688, 0.692 and 0.693 nm, respectively, for the films grown at 100, 200
and 300 K. The value of the lattice parameter for the films produced at low substrate temperatures is less
than that of a powder sample (0.701 nm) [13], suggesting that these films may be subjected to stresses in
the plane of the substrate surface. The origin of the stress may be the difference in the linear thermal
expansion coefficients of CdSe (a=7 x 10°%/K) and soda-lime glass (¢=9 x 10°/K). The gradual in-
crease of the lattice parameter towards the powder value with increasing substrate temperature suggests
that stress is partly relieved as the substrate temperature is increased during film growth. The intensity of
the (002) peak increases as the substrate temperature increases, indicating improved crystallinity and a
gradual increase in the preferential orientation.

The full width at half maximum (FWHM) of the hexagonal (002) peaks was calculated from the data
of Fig. 1. It was found that the FWHM decreased from 0.235° to 0.177° as the substrate temperature
increased from 100 to 300 K. The grain sizes were calculated from the Scherrer relation:
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Fig. 1 XRD diffraction patterns of CdSe thin films grown at three substrate temperatures: a) 100 K;
b) 200 K; ¢) 300 K.

where D is the grain size and £ is the FWHM. The calculated grain size was about 34 nm for the film
grown at 100 K, whereas a grain size of about 46 nm was found for the layer processed at the substrate
temperature of 300 K. Although the actual grain size values could not be confirmed, this trend is in
agreement with the SEM data, as discussed later.

Figure 2a—c shows a series of XRD spectra taken from a film deposited at 100 K and then annealed
for 30 min at 473, 573 and 673 K, respectively. As can be seen, the strong (002) preferred orientation of
the as-deposited film is preserved as the annealing temperature is increased, and the intensity of the (002)
peak gradually increases with increasing annealing temperature. Here, it should be mentioned that the
samples that were deposited at 7, = 200 and 300 K and then annealed at elevated temperatures showed a
trend that was similar to the data of Fig. 2; however, the post-annealing increase observed in the XRD
peak intensity for the film grown at 300 K was only minimal. Referring back to Fig. 2, the peak positions
for the as-deposited CdSe film and the film annealed at 673 K are 26 = 25.86° and 25.48°, respectively,
corresponding to lattice parameter values, ¢, of 0.688 and 0.700 nm. This increasing trend in ¢ upon
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Fig. 2 XRD diffraction patterns of CdSe thin films grown at 100 K and annealed at: a) 473 K; b) 573 K
¢) 673 K.

annealing indicates that during the post-deposition annealing step, stress in the film may be relieved and
therefore the ¢ value approaches that of the CdSe powder sample [13]. It should also be noted that the
grain sizes of the samples produced at a substrate temperature of 100 K and then annealed at 673 K
slightly increased from 34 to 40 nm upon annealing, as calculated from the Scherrer equation. However,
the film deposited at a substrate temperature of 300 K had almost the same grain size after annealing at
673 K.

SEM images of the films deposited at substrate temperatures of 100, 200 and 300 K are shown in
Fig. 3. Although the morphology of the film deposited at 200 K may suggest a somewhat larger grain
size compared to the film deposited at 100 K, the morphological change is much more apparent for the
film deposited at 300 K. However, it is not possible to assign specific grain size values to these films
looking at their surface morphologies. In general the morphology observed suggests a larger grain size
for the sample grown at the higher substrate temperature. This is in line with the grain size calculations
made using the XRD data.
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Fig.3 Scanning electron micrographs of CdSe thin
films grown at three substrate temperatures: a) 100 K;
b) 200 K; ¢) 300 K.

Figure 4 shows SEM images of the film deposited at a substrate temperature of 100 K and then an-
nealed at temperatures of 473, 573 and 673 K. As can be seen from these micrographs the morphology of
the CdSe films did not change much upon annealing in air even at 673 K for 30 min. These results are
similar to those for films grown at substrate temperatures of 200 and 300 K. In all cases, although the
grain size did not seem to change appreciably, the surface features changed slightly from more faceted to
more rounded after annealing at 673 K. It appeared that some necking and intergrain fusing were initi-
ated at 673 K. Since the grain size did not change but the lattice parameter changed upon annealing, we
can conclude that, in terms of effects on structural properties, the role of the post-deposition heat-
treatment step was to release the stress in the layers.

The optical band gap values of the films were obtained from optical transmission measurements and
by plotting (ahVv)* values as a function of energy, hv. Figure 5 shows data obtained for CdSe films de-
posited at substrate temperatures of 100, 200 and 300 K. As can be seen, two different linear regions
appear in the graphs indicating two different band gap energy values for each sample. The larger of the
two direct band gap transitions (£, E,,) is thought to be due to the spin orbit splitting of the valance
band [14]. The inset of Fig. 5 expands the data collected near the band edge to resolve better the band
gap values.

From the inset of Fig. 5, the extrapolated values of the optical energy gap E,, are 1.68, 1.68 and
1.71 eV for films deposited at substrate temperatures of 100, 200 and 300 K, respectively. As can be
seen from these data, the absorption edge is shifted towards higher energy values approaching the value
for single-crystal CdSe [15]. The increase in the band gap energy with increasing substrate temperature
can be attributed to a shift in stoichiometry which is encountered in the work of Mondal et al. [14].
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Fig. 4 Scanning electron micrographs of CdSe thin
films deposited at 100 K and annealed at: a) 473 K
b) 573 K; ¢) 673 K.
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Fig. 5 Absorption spectra data of CdSe thin films grown
at three different substrate temperatures.
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The E,, value was found to be between 1.87 and 1.83 eV, with higher substrate temperatures during
growth yielding smaller £, values. Velumani et al. [16] have reported that the energy band gaps, £, and
E,, for CdSe films decrease with increasing substrate temperature. Also, they reported that strain de-
creases and grain size increases with higher substrate temperature. The energy gap E,, is in good agree-
ment with the results of Mondal et al. [14], but our E,, value is lower than their reported value of
1.91 eV. Similar band-splitting transitions in CdSe thin films have been reported in the literature [17,
18]. The work of Lalitha et al. [19] showed that CdTe films have two direct transitions at £, = 1.48 eV
and E, = 1.78 €V, when the grain size was about 80 nm. Theoretical calculations by Cardona et al. [20]
showed that the second direct transition is due to spin—orbit splitting of the valence band, which results
in an additional transition from the higher valence level.

The effect of post-growth heat treatments on the band gap of a CdSe film deposited at a substrate
temperature of 100 K is shown in Fig. 6. The energy band gaps, E,, obtained from the inset in Fig. 6
were found to be approximately 1.68 eV for the samples annealed at 475, 573 and 673 K. It is noted from
the SEM studies that the annealing process did not cause much difference in the grain size, thus causing
no appreciable change in the E,, value. It is interesting to note that although the £, values did not
change, the E,, values were found to change from 1.87 eV (as-deposited film) to 2.25 €V upon anneal-
ing. The data of Fig. 6 also show a sharper band edge for the annealed samples. Similar trends in E,
values were observed upon annealing the films deposited at substrate temperatures of 200 and 300 K.
The constancy of £, upon annealing in our work is supported by the SEM results and the almost un-
changed grain size.

The resistivity of the film deposited at 100 K was found to increase from 1.6 x 10° to 8 x 10”7 Q ¢cm
upon annealing at 673 K. This trend was also observed for the films produced at 200 and 300 K. The
observed increase in the resistivity may be attributed to the possible formation of an oxide whose exis-
tence could not be detected from the XRD data. Additionally, chemisorption of oxygen at the grain
boundaries is expected to reduce n-type nature of the grain boundary regions, increasing the barrier
height and thereby increasing the measured effective resistivity value. It should be noted that annealing
in an oxygen-containing atmosphere is a technique that is commonly used to convert thin CdTe layers
from n-type to p-type [21]. Therefore, oxygen has acceptor quality in II-VI compounds and may cause
compensation at the grain boundaries of CdSe films raising the barrier to electron transport.
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4 Conclusions

We have studied the structural, optical and electrical properties of evaporated CdSe thin films as a func-
tion of the substrate temperature during growth and the post-deposition annealing temperatures. It was
observed that as-grown CdSe thin films had a hexagonal wurtzite structure with a preferred orientation
along the (002) direction irrespective of the substrate temperature. Post-deposition anneals did not affect
the predominant (002) crystallographic texture. Only the degree of preferred orientation was enhanced as
the annealing temperature was increased. SEM studies showed that the grain size of CdSe thin films did
not change on annealing at elevated temperatures. However, annealing at 673 K initiated intergrain coa-
lescence and fusing and altered surface morphology reducing faceting. From optical transmittance meas-
urements, two direct optical transitions corresponding to band gaps of 1.68 eV (£,) and 1.83 eV (£)
were observed for films deposited at substrate temperatures of 100 K. As the annealing temperature was
increased, the band gap E,,; did not change, but £, increased from 1.83 to 2.25 eV. Resistivity measure-
ments indicated that annealing at 673 K in air formed a highly resistive compensated CdSe film.

Acknowledgement This work was supported by the Research Fund of Karadeniz Technical University, Trabzon,
under contract no. 2003.111.001.1.

References

Rickus, IEEE Photovoltaic Specialists Conf. 17 (Orlando, FL, 1984), p. 900.
J Lee, C. P. Judge, and S. W. Wrigh, Solid-State Electron. 44, 1431 (2000).
. K. J. Al-Ani, H. H. Mohammed, and E. M. N. Al-Fwade, Renew. Energy 25, 585 (2002).
. Melo, E. Sanchez, H. Rodriquez, S. Roux, F. Rabago-Bernali, and J. Ruiz-Garcia, Mater. Chem. Phys. 59,
120 (1999).

[5] C. M. Shen, X. G. Zhang, and H. L. Li, Appl. Surf. Sci. 240, 34 (2005).

[6] K.R. Murali, K. Srinivasan, and D. C. Trivedi, Mater. Lett. 59, 15 (2005).

[71 V.M. Bhuse, Mater. Chem. Phys. 91, 60 (2005).

[8] C. Baban and G. I. Rusu, Appl. Surf. Sci. 211, 6 (2003).

[9] K. N. Shreekanthan, B. V. Rajandra, V. B. Kasturi, and K. Shivakumur, Cryst. Res. Technol. 38, 30 (2003).
[10] S. Banerjee, R. Pal, A. B. Maity, and A. K. Pal, Nanostruct. Mater. 8, 301 (1997).
[11] A. A. Ramadan, A. Mongy, L. S. Farag, A. M. El-Shabiny, F. A. Radwan, H. 1. Ismail, and H. M. Hashem, Thin

Solid Films 423, 146 (2003).

[12] E. Bacaksiz, V. Novruzov, H. Karal, E. Yanmaz, M. Altunbas, and A. 1. Kopya, J. Phys. D 34, 3109 (2001).

[13] O. Madelung, M. Schulz, and H. Weiss, Landolt-Bdrnstein Tables, Vol. 17, Pt. A (Springer, Berlin, 1982).

[14] A. Mondal, A. Dhar, S. Chaudri, and A. K. Pal, J. Mater. Sci. 25, 2221 (1990).

[15] R. C. Weast, CRC Handbook of Chemistry and Physics, 64th edition (CRC Press, Boca Raton, FL, 1984), p. E-94.

[16] S. Velumani, X. Mathew, P. J. Sebastian, S. K. Narayandass, and D. Mangalaraj, Sol. Energy Mater. Sol. Cells
76, 347 (2003).

[17] A. C. Rastogi, K. S. Balakrishnana, and K. Jain, Mater. Res. Bull. 34, 1319 (1999).

[18] M. Marafi, F. El Akkad, and B. Pradeep, J. Mater. Sci. 14, 21 (2003).

[19] S. Lalitha, R. Sathyamoorthy, S. Senthilarasu, A. Subbarayan, and K. Natarajan, Sol. Energy Mater. Sol. Cells
82, 187 (2004).

[20] M. Cardona, K. L. Shaklee, and F. H. Pollak, Phys. Rev. 54, 696 (1967).

[21] B. M. Basol, S. S. Ou, and O. M. Stafsudd, J. Appl. Phys. 58, 3803 (1985).

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.pss-b.com



